Abstract.-A major consideration in most laser resonator designs for high power is to obtain the maximum far field irradiance on a target. Various design approaches have emerged in recent years to optimize the far-field irradiance by utilizing different resonator concepts for the purpose of obtaining the best mode control and near field beam quality. The different concepts utilize annular and compacted gain mediums, spatial filtering techniques, novel optical components and adaptive optics. This paper will describe recent results using intracavity adaptive optical techniques versus extracavity adaptive optical techniques. Experimental results will be provided which will show the correction capability for low order aberrations (tilt and astigmatism) commonly found in high energy lasers. A comparison of several optimization control techniques using a multidither zonal COAT system will be discussed describing the effects of hardware limitations and considerations on the performance of the system.
I. INTRODUCTION
interpretations for correcting these aberrations.
Correction of intracavity phasefront distorThis paper presents control algorithm and resonations using multidither zonal COAT systems has tor design considerations when utilizing a multibeen previously reported by several authors 1-3 dither COAT control system for astigmatism and demonstrating significant improvement in overall tilt (static, dynamic) correction.
resonator performance. Performance parameters
Fig. 1 Sketch of Experimental Set-Up
There are two turning mirrors located within the cavity. Mirror M2 (the aberration generator) is e x t r a c a v i t y t u r n i n g mirror (M3) i s t h e deformable mirror used d u r i n g e x t r a c a v i t y c o r r e c t i o n and a p l a n e mirror otherwise.
An i n t r a c a v i t y beam s p l i t t e r (3% r e f l e c t i v e ) i s l o c a t e d near t h e outp u t coupling mirror t o provide a sample of t h e i n t r a c a v i t y mode i n t e n s i t y p r o f i l e . A p i c t u r e of
t h e experimental t e s t bed, i n c l u d i n g a l l diagnost i c equipment, i s shown i n Figure 2 . The g a i n medium used i n t h e s e experiments i s a 1 0 cm diame t e r , convection cooled, closed c y c l e , CW C02
e l e c t r i c discharge.
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DIFFUSER, \ CAMERA M1 C$M CAMERA s u r f a c e i n f l u e n c e f u n c t i o n , and t h e a c t u a t o r exc u r s i o n amplitudes f o r t h i s m i r r o r a r e approximately 2 1 3 microns f o r a plano r e f e r e n c e p o s i t i o n .
This displacement was found t o b e a t l e a s t 50% l a r g e r than r e q u i r e d f o r c o r r e c t i o n of t h e aberr a t i o n s introduced.
Zonal m u l t i d i t h e r h i l l -c l i m b i n g s e r v o techniques s i m i l a r t o those used i n v a r i o u s coherent o p t i c a l a d a p t i v e technique (COAT) systems were used t o c o n t r o l t h e f i g u r e of t h e deformable mirrors. D e t a i l s of t h e p a r t i c u l a r c o n t r o l algorithms used a r e given i n t h e experimental d a t a s e c t i o n of t h i s paper.

The r e s o n a t o r mode f o o t p r i n t s on t h e d e f o r m a b l e mirror f o r i n t r a c a v i t y and e x t r a c a v i t y locat i o n s a r e shown i n Figure 3. For b o t h c a s e s , t h e amplitudes of t h e d i t h e r s were s e l e c t e d s o t h a t
each d i t h e r produced approximately t h e same r e t u r n s i g n a l t o t h e COAT e l e c t r o n i c s . Because of t h e o p t i c a l feedback provided by t h e r e s o n a t o r , i n t r ac a v i t y a c t u a t o r s n e a r t h e o p t i c a x i s r e q u i r e very low amplitude d i t h e r s compared t o t h o s e n e a r t h e edge, and e x t r a c a v i t y a c t u a t o r s r e q u i r e s t i l l highe r d i t h e r amplitudes because of t h e s i n g l e p a s s n a t u r e of t h e c o r r e c t i o n . : --
ACTUATOR
The deformable m i r r o r used is a continuous 14 s u r f a c e d i s c r e t e a c t u a t o r mirror4.
The a c t u a t o r '3 ,_r: . % ' l o c a t i o n s a r e i n a square a r r a y o f 3.0 cm spacing, INTRACAVITY EXTRACAVITY thus allowing 16 a c t u a t o r s t o b e w i t h i n t h e mode The r e s o n a t o r i n t r a c a v i t y mode int e n s i t y p r o f i l e i s monitored by a scanning IR came r a using t h e sample provided by t h e i n t r a c a v i t y beam s p l i t t e r (S1). The outcoupled beam i s divided i n t o t h r e e beams by a ZnSe wedge beam s p l i t t e r t o provide performance measurements ( a s described below), as w e l l as t o provide feedback s i g n a l s t o c o n t r o l t h e deformable mirror.
The f i r s t sample of t h e outcoupled beam is focused onto a n a p e r t u r e by a n 8 meter r a d i u s of c u r v a t u r e concave m i r r o r . The power t r a n s m i t t e d through t h i s a p e r t u r e ( u s u a l l y one Airy d i s k i n diameter) i s sensed by a HgCdTe d e t e c t o r . The d e t e c t o r o u t p u t s i g n a l is used a s a feedback s i gn a l f o r t h e COAT c o n t r o l e l e c t r o n i c s . , and t h e a b e r r a t i o n g e n e r a t o r (M2). The i n t r a c a v i t y mode is sampled by a ZnSe s p l i t t e r (S1) monitored by a n IR camera. The outcoupled beam i s i n c i d e n t on foldi n g mirror (FM) which i s t h e deformable m i r r o r during e x t r a c a v i t y c o r r e c t i o n experiments and i s then s p l i t i n t o t h r e e beams f o r measurement o f power through a f a r -f i e l d a p e r t u r e (A) ( t h e COAT feedback s i g n a l ) , f a r -f i e l d i n t e n s i t y p r o f i l e using a n i n f r a r e d camera ( I ) , and t o t a l power (P).
DIFFUSER (D)
The second outcoupled beam sample passes through a reducing t e l e s c o p e t o e n l a r g e t h e focused s p o t s i z e i n o r d e r t o monitor t h e f a r -f i e l d intens i t y d i s t r i b u t i o n by a n IR scanning camera.
The t h i r d outcoupled beam sample i s i n c i d e n t on an HgCdTe power monitor. This t o t a l o u t p u t power s i g n a l i s recorded on magnetic t a p e and may a l s o s e r v e a s a n a d d i t i o n a l feedback s i g n a l f o r t h e COAT c o n t r o l e l e c t r o n i c s .
EXPERIMENTAL RESULTS
A. ICAO Correction Optimization Algorithm I n a n i d e a l l a s e r system w i t h a fundamental experiments, however, a s i g n i f i c a n t d i f f e r e n c e was observed between c o n t r o l algorithms t h a t op- . A s u b s t a n t i a l BQ improvement using BQ o p t i m i z a t i o n is observed f a r a l l amplitudes of astigmatism. For PIB o p t imization, however, t h e r e a r e i n s t a n c e s where BQ degradation upon loop c l o s u r e occurs implying output power i n c r e a s e i s t h e s i g n i f i c a n t f a c t o r i n improving PIB. Confirmation of t h e importance of o u t p u t power i n c r e a s e f o r PIB o p t i m i z a t i o n i s shown i'n Figure 8 . For a l l astiginatism s t r e n g t h s t h e r e i s a s u b s t a n t i a l power i n c r e a s e upon loop c l o s u r e .
For BQ optimization t h e r e i s no g e n e r a l trend i n t h e behavior of t h e output power. I n some ins t a n c e s t h e r e i s a s i g n i f i c a n t decrease i n output As h a s been shown by a n a l y t i c a l s t u d i e s , t h e R = 0 mode of a well-behaved r e s o n a t o r , should have both t h e b e s t BQ and output power and should b e t h e mode which optimizes both B Q and PIB.
Therefore, r e s t o r a t i o n or' both BQ and o u t p u t power should be accomplished during closed loop operat i o n by r e t u r n i n g t h e r e s o n a t o r t o a n R = 0 mode.
The experimental d a t a appear t o c o n t r a d i c t t h e
a n a l y t i c a l l y p r e d i c t e d behavior.
To determine t h e reasons f o r t h e experimentally observed d i f f e r e n c e s i n BQ and PIB o p t i m i z a t i o n , t h e i n t r a c a v i t y mode s t r u c t u r e f o r t h e two caEes were c a r e f u l l y examined. Figure 10 shows t h e unperturbed r e s c n a t o r i n t r a c a v i t y mode w i t h a n d w i t h - 
There is a d i r e c t s p a t i a l c o r r e l a t i o n of t h e low i n t e n s i t y a r e a i n t h e open loop i n t r a c a v i t y mode and t h e deformable m i r r o r l o c a l d i s t o r t i o n loca-
t i o n . The s p a t i a l frequency o f t h e f i g u r e e r r o r is h i g h e r t h a n t h a t of mirror response and cannot be removed by a p p l i c a t i o n of t h e c o n t r o l v o l t a g e s t o t h e a c t u a t o r s ; thus, t h e mode w i l l be l o c a l l y a b e r r a t e d during both open and closed loop operat i o n 7 .
Because of t h e l o c a l i z e d n a t u r e of t h e f i g u r e e r r o r , t h e f u l l a p e r t u r e a b e r r a t i o n s a r e small (1125 of a wave) w h i l e t h e l o c a l i z e d phase tilt produced by t h e f i g u r e e r r o r is 65% of t h e Krupke & sooy8 c r i t i c a l value. A s we w i l l show, t h e deformable m i r r o r f i g u r e e r r o r i s a major f a c t o r i n t h e d i f f e r e n t responses observed f o r t h e two cont r o l algorithms.
BQ Optimization
With t h i s algorithm, t h e c o n t r o l loop maximizes t h e r a t i o of t h e Power-in-the-Bucket t o t h e C9-410 JOURNAL DE PHYSIQUE t o t a l power. The mode which would normally be expected t o give t h e b e s t B Q would be a n R = 0 mode resonator is now t h e lowest order mode. I n p a r t ic u l a r , t h e r e may be modes which have low i n t e n s i t i e s a t t h e region of severe f i g u r e e r r o r s and would be-
have s i m i l a r l y t o higher order modes of t h e unperturbed resonator. I n view of t h e p o s i t i o n of the l o c a l d i s t o r t i o n i n t h e deformable mirror, one would
expect an R = 1 mode with lobes on the l e f t and r i g h t t o be a s t a b l e mode f o r t h e resonator. However, an L = l mode has a n u l l on-axis i n t h e f a r -
f i e l d and would thus not b e a s t a b l e mode under closed loop operation. Experimental evidence indicated t h a t , f o r some cases, t h e closed loop int r a c a v i t y mode s t r u c t u r e appears very s i m i l a r t o
t h a t of a R = 1 mode (see Figure 11 ) f o r t h e closed loop i n t r a c a v i t y mode shape f o r BQ optimization. I n t h i s case i t was a l s o noted t h a t t h e output power did not increase upon loop closure, and i n some instances a c t u a l l y decreased. Figure 12 shows t h e SINGLE AGA CAMERA FRAME SINGLE AGA CAMERA FRAME (t = 9.52 sec)
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Fig. 12 I n t r a c a v i t y Mode During Closed Loop Corr e c t i o n f o r Astigmatism, B Q Optimized ICAO i n t r a c a v i t y mode p r o f i l e s f o r closed loop operation a t two d i f f e r e n t times separated by 0.18 sec.
Notice, t h a t t h e two single-lobed modes occur.
The resonator apparently switches from one mode t o t h e o t h e r i n a time s h o r t compared t o t h e adapt i v e c o n t r o l bandwidth (30 Hz). The f a c t t h a t t h e mode switches from l e f t t o r i g h t i n d i c a t e s t h e r e i s no r e a l advantage of one mode over t h e other, and t h e r e i s enough noise i n t h e system t o i n i t ia t e a change between t h e two modes. The modes show t h a t t h e system eliminates t h e n u l l on-axis i n t h e f a r -f i e l d and optimizes t h e B Q simply by
eliminating one lobe of t h e R = 1 mode. Because Figure   12 , The s i g n i f i c a n c e o f t h e s e r e s u l t s w i l l be summarized i n t h e conclusion. .66 waves) c e n t e r t o edge phase t i l t p e r t u r b a t i o n f o r t h e above t h r e e c a s e s .
Figure 1 1 shows t h e c l o s e d loop i n t r a c a v i t y mode s t r u c t u r e f o r PIB optimized ICAO. Note t h a t t h e r e i s n o t much change i n t h e s t r u c t u r e compared t o open loop, b u t t h e r e i s a power i n c r e a s e . Comp a r i s o n of t h e BQ and PIB optimized c a s e s i n Figu r e 1 1 shows t h e dramatic d i f f e r e n c e i n t h e mode s t r u c t u r e f o r t h e two c o n t r o l a l g o r i t h m .
t a n t i a l i n t e n s i t y v a r i a t i o n s from frame t o frame, b u t no l e f t t o r i g h t i n t e n s i t y r e d i s t r ib u t i o n a s was seen f o r BQ o p t i m i z a t i o n i n
a b i l i t i e s o f t h e system was performed f o r t h r e e cases: (1) a d d i t i o n of t h e s t a t i c t i l t a b e r r a t i o
General f e a t u r e s of t h e d a t a which a r e noted i n Figure 1 4 are:
1) The absence of i n t r a c a v i t y mode i n t e n s i t y i n t h e lower c e n t e r p o r t i o n of t h e mode f o r a l l amplitudes of tilt. The d e v i a t i o n of t h e mode s t r u c t u r e from t h e i d e a l i s due t o t h e l o c a l i z e d
f i g u r e e r r o r of t h e deformable m i r r o r previously described.
2) The spreading of t h e f a r -f i e l d i n t e n s i t y p a t t e r n f o r t h e a l i g n e d r e s o n a t o r upon loop c l o s u r e This behavior can b e a t t r i b u t e d t o t h e f a c t t h a t
t h e COAT feedback a p e r t u r e is l a r g e r than t h e f a r - small t i l t amplitudes a s shown by t h e behavior of t h e o u t p u t power v e r s u s t i l t a n g l e . This f i g u r e d r a m a t i c a l l y i l l u s t r a t e s t h e e f f e c t of t r a n s l a t i o n of t h e f a r -f i e l d produced by t h e i n t r a c a v i t y tilt 
S t a t i c T i l t Test of Output Power vs. T i l t Angle (8,) and t h e a b i l i t y of t h e a d a p t i v e o p t i c t o move t h e beam c e n t r o i d c l o s e t o t h e o r i g i n a l o p t i c a x i s .
The l a c k of good c o r r e c t i o n a t 0.66 waves t i l t f o r loop c l o s u r e a f t e r t i l t i n t r o d u c t i o n i s caused by a lock-on problem w i t h t h e c o n t r o l a s w i l l b e d i s c u s s e d i n t h e following paragraphs.
The major f e a t u r e s of a l l t h e s t a t i c t i l t d a t a can be explained i n t e r m s of t h e l i m i t a t i o n s of a p p l i c a t i o n of h i l l -c l i m b i n g servo technique?
t o i n t r a c a v i t y a b e r r a t i o n c o r r e c t i o n .
The poor c o r r e c t i o n f o r l a r g e amplitudes of t i l t when t h e tilt was introduced p r i o r t o loop c l o s u r e is d i r e c t l y r e l a t e d t o t h e c o n t r o l algorithm. When t h e tilt amplitude i s l a r g e enough t o t r a n s l a t e t h e peak of t h e f i r s t r i n g -of t h e f a r -f i e l d d i f f r a c t i o n p a t t e r n onto t h e c e n t e r of This may be due t o t h e s i z e s of t h e COAT a p e r t u r e which w i l l allow some movement of t h e beam centroid without a s e v e r e power l o s s a t t h e COAT d e t e c t o r .
A s shown i n Figure 16 , t h e r e i s not t h e same i n c r e a s e i n t o t a l power t h a t was observed f o r t h e s t a t i c case. This again i s a r e s u l t of t h e COAT d e t e c t o r a p e r t u r e s i z e being l a r g e r than t h e beam centroid, s i n c e t h e beam can move a c r o s s t h i s apert u r e i t does n o t produce a f i x e d mode and we do n o t s e e a s much power i n c r e a s e a s f o r s t a t i c t i l t corr e c t i o n . A s a r e s u l t of t h i s , t h e power i n an apert u r e i n t h e beam c e n t r o i d i s decreasing with t h e i n c r e a s i n g of t i l t . Another reason f o r t h e poorer c o r r e c t i o n f o r dynamic t i l t i s t h a t t h e bandwidth of t h e e l e c t r o n i c c o n t r o l i s n o t s u f f i c i e n t . The l o c a l i z e d , h i g h s p a t i a l frequency f i g u r e e r r o r i n t h e defbrmable mirror l e d t o a very imp o r t a n t g e n e r a l conclusion regarding t h e r e l a t i v e m e r i t s of BQ and PIB optimization f o r ICAO correct i o n i n e i t h e r l i n e a r o r annular r e s o n a t o r s .
The relevance of t h e described r e s u l t s t o t h e High Energy Laser Community when t h e r e a r e s i g n i - two c o n t r o l algorithms can be expected. BQ o p t imization w i l l d r i v e toward a mode having low i n t e ns i t y over t h e regions of g r e a t e s t i n t r a c a v i t y a b e r r a t i o n thus reducing t h e i n f l u e n c e of t h a t a b e r r a t i o n , b u t a l s o producing voids i n t h e mode s t r u c t u r e . Although having good beam q u a l i t y , t h e s e modes would b e extremely undesirable i n a high power device because i t does n o t maximize t h e power on t h e t a r g e t .
Thus, PIB optimization wouid i s more of a problem w i t h t i l t a b e r r a t i o n than w i t h astigmatism because t i l t more s e v e r e l y d i s r u p t s t h e mode s t r u c t u r e of t h e r e s o n a t o r .
Therefore, we suggest t h a t a s e p a r a t e t i l t sensor b e used t o provide e r r o r s i g n a l f o r c o r r e c t i o n of tilt and l e t t h e m u l t i d i t h e r COAT system c o r r e c t f o r higher order a b e r r a t i o n s where i t performs much b e t t e r .
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